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Abstract 
Holzkirchen full scale dynamic experiments were conducted in the framework of IEA Annex 58 research program with the aim 
to obtain and apply a high quality experimental dataset for model validation of full scale buildings. A first experiment was 
conducted in August 2013. Two identical houses were submitted to a side by side experiment, one with blinds up, one with blinds 
down. That first experience lasted 42 days including an initialization period, a Randomly Ordered Logarithmic Binary Sequence 
of heat inputs (ROLBS), and a re-initialization followed by a free-float period. A second experiment was conducted in April 2014 
in one of the two houses, with higher levels of heating power in the South oriented zones and imposed indoor temperatures in the 
North oriented zones. Simulations were performed with EES Engineering Equation Solver using simplified RC dynamic models. 
The discrepancies observed between simulated results and measured data were first explained through a deeper analysis of 
thermal bridges, a better assessment of solar heat gains and a better assessment of the air duct heat losses. In the second 
experiment, the results revealed an underestimation of the building transmission heat losses. A candidate explanation might be 
the air stratification which would enhance heat losses on the ceiling side.A modelization of the upper and lower room air layers 
was introduced. The resulting simulated indoor temperature profiles were in accordance with the measurements. 
A complete breakdown of heat losses and heat gains was computed for both houses, using measured temperatures as input data 
for the simulation.  
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1. Introduction
Energy simulation tools are widely used in building design as well as in retrofit projects. However, several studies
showed that the real performance of buildings may deviate significantly from the theoretically designed performance 
obtained by calculation. A major part of the deviations has to be attributed to the physical features of the building. 
For those reasons, building performance characterization based on full scale dynamic measurements could help to 
bridge the gap between theoretically predicted and real life performance of buildings. IEA Annex 58 research 
program is conducted in that way [1]. 
Empirical validation of simulation models through comparison with experimental data is a complex process 
requiring high quality and well documented data sets, resulting from rigorous experiments, and analyzed by careful 
modelers. Such experiments were conducted on test cells in summer 1991 at the University of Stuttgart, Germany 
within the framework of PASSYS research program [2], on the EMC test rooms at Cranfield, UK [3] and more 
recently on the test cell of EMPA campus in Duebendorf, Switzerland, in conjunction with the IEA Task 34/Annex 
43, for the empirical validation of solar heat gains models [4]. The empirical validation exercise presented in that 
paper is based on a full scale dynamic experiment conducted by the Fraunhofer Institute on two identical houses in 
Holzkirchen, Germany. Weather data were collected in situ. The experiment was described in a very complete set of 
specifications [5]. 
Though modern computation tools allow the implementation of very detailed simulation models involving a large 
quantity of parameters and often working as black boxes, there is a growing interest towards simplified building 
models requiring a limited number of identifiable parameters, and more easy to tune than detailed models. Laret 
proposed a building simplified model based on electrical analogy, further developed by Ngendakumana and updated 
by Masy. The model was validated through analytical, empirical and comparative tests following the BESTEST 
procedure. This paper describes the validation process of a simplified dynamic multi-zone model, implemented with 
EES Engineering Equation Solver, on the basis of Holzkirchen experimental data sets. 
2. Experiments
The layout and section of the two identical Houses are presented on figure 1. The living and children zones are
both South oriented. The houses are not occupied during both co-heating experiments. Internal doors between 
kitchen and living room, doorway and living room, bedroom and corridor are sealed with tape, while internal doors 
connecting the corridor with the living, bathroom and children zones are fully opened during the whole experiment. 
A ventilation system provides fresh air to the living zone, with a constant 120 m3/h air flow for the first experiment, 
and with 60 m3/h air flow for the second experiment. Air is extracted equally from the bathroom and children zone, 
so that the total supply and exhaust air flows are balanced. There is no heat recovery for ventilation. The ventilation 
ductwork leading from the cellar to the living room via the kitchen is not insulated.  
a b 
Fig. 1. (a) Section and (b) layout of Holzkirchen experimental houses.  
A first co heating experiment was undertaken during 42 days, from August to September 2013, on two identical 
houses, with external roller blinds down on the whole South façade for one house (house N2), and South facing 
blinds fully up for the other house (house O5). North, East and West windows are all sun exposed in both houses. A 
second experiment was undertaken during 55 days from April to May 2014 on house O5, with all blinds up.  
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The first experiment involves an initialisation period of 9 days with a heating set point of 30°C in all rooms, 
followed by a Randomly Ordered Logarithmic Binary Sequence of heat inputs (ROLBS) of 15 days, where a 500 W 
heat power is supplied only in the living zone, according to a sequence of heat pulses ranging from 1 hour to 90 
hours in duration. A re-initialisation period is then scheduled during 6 days with a heating set point of 25°C in all 
rooms, followed by 11 days free floating period. 
The second experiment is conducted with different boundary conditions. All the North oriented zones are 
maintained at 22°C (kitchen, doorway, bedroom). The four interconnected zones involving the living zone, the 
corridor, the bathroom and the children zone, are submitted to a first initialization period of 8 days with a 30°C 
heating set point, followed by 6 days free floating, then 6 days re-initialization at 30°C followed by a ROLBS 
sequence of 15 days, where 1800 W heat power is supplied in the living zone and 500 W in bathroom and children 
zone. A re-initialization period is then scheduled during 6 days at 30°C followed by 14 days free floating period. 
Weather data, as well as data related to indoor temperatures and powers of electric heaters, were collected on a 10 
min time step. 
3. Simulation model 
The building walls are modeled through 2R1C networks. Variable surface heat transfer coefficients are 
considered. The wall thermal capacity is the total capacity of the inside portion of the wall, defined as the sum of 
wall layers that are located on the indoor side of the insulation layer. The wall thermal capacity is located in the 
middle of the thermal resistance of that inside wall portion (table 1). This wall 2R1C model gives better results in the 
floating temperature mode, compared to a 2R1C model adjusted on the wall frequency response.  
 
 
 
 
Fig. 2.Parameters of 2R1C wall model.  
Table 1. Building walls dynamic parameters (U=1/R). 
htͬŵϮ͘< Ŭ:ͬŵϮ͘< θ
ĞŝůŝŶŐ Ϭ͘Ϯϯϱ ϱϰϵ Ϭ͘ϳϭϲ
&ůŽŽƌ Ϭ͘Ϯϴϰ ϭϯϬ Ϭ͘ϬϰϬ
ǆƚĞƌŶĂůtĂůů^ŽƵƚŚ Ϭ͘ϮϬϬ Ϯϴϴ Ϭ͘ϭϭϴ
ǆƚĞƌŶĂůtĂůůtĞƐƚ Ϭ͘Ϯϳϭ Ϯϴϴ Ϭ͘ϭϲϭ
ǆƚĞƌŶĂůtĂůůEŽƌƚŚ Ϭ͘ϮϬϬ Ϯϴϴ Ϭ͘ϭϭϴ
ǆƚĞƌŶĂůtĂůůĂƐƚ Ϭ͘ϭϵϮ Ϯϴϴ Ϭ͘ϭϭϰ
/ŶƚĞƌŶĂůǁĂůů,ĞĂǀǇ Ϭ͘ϵϰϭ ϮϮϰ Ϭ͘ϱϬϬ
/ŶƚĞƌŶĂůǁĂůů>ŝŐŚƚ ϭ͘ϰϵϯ ϭϮϬ Ϭ͘ϱϬϬ
 
The glazing is double glazing with low emissivity coating and argon fill. A global U-value: 1.2 W/m2-K is 
considered following EN ISO 10077-1. Boundary conditions in the cellar and attic are treated using time varying 
measured temperatures. The ventilation system is working continuously during both experiments. The building 
envelope air tightness level is n50=1.58h-1. Infiltration air flows through windows and external doors frames are 
estimated as function of wind speed and orientation, using a simplified model. Air flows due to convective coupling 
between interconnected zones are estimated through circulating two ways models defined over 2/3 of the height of 
internal door openings, driven by buoyancy effects. A discharge factor equal to 0.61 is considered, corresponding to 
zeta pressure drop factor equal to 2.7. [6]. 
The solar equations used in EES model to compute the vertical solar irradiances from the horizontal direct and 
diffuse solar intensities were validated. The calculated solar irradiances are in good agreement with the 
measurements [6] (fig. 3).  
Direct, diffuse and reflected indoor solar radiations through windows are computed from an angle dependant 
window solar factor g. The shading due to the set back of the window is computed as well. Internal solar heat gains 
are directly input on the internal operative temperature node, as well as the heat input from electric heaters. Solar 
heat gains absorbed at the external surface of opaque walls are considered through the use of an equivalent 
temperature. Long wave heat losses from the external surface of vertical walls are computed on the basis of a 
correlation from on site measurements, as function of measured horizontal long wave radiation, external air 
temperature and ground surface temperature. 
ƚŽƵƚ 
θ.Z
Ƌ ƚŝŶ
(1-θ).Z
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Fig. 3. Calculated and measured solar intensities received by the South, West and East facades.  
Simulations were performed using EES Engineering Equation Solver with a 10 min time step. 
4. Calibration process
A first calibration was done in the framework of IEA Annex 58 research program in order to better assess the
heat loss coefficients related to wall thermal bridges and the heat losses due to the un-insulated ventilation ductwork 
leading from the cellar to the living room via the kitchen [5]. The updated heat loss coefficients are given in Table 2. 
Analysis of the steady state balance of the building is performed in order to orient the calibration process. It is 
relatively simple task to impose measured parameters on a simulation, so that the validation process can be applied 
to study other relevant parameters. The measured indoor temperatures are considered as input to the simulation in 
order to analyze the building energy balance. The balance is performed on a period of time starting from the end of 
the first initialization period, until the end of a next initialization period. Integral calculations of the heat losses 
through transmission and ventilation were performed over that period of time, including infiltration and convective 
coupling, both computed on the basis of measured indoor temperatures. Heat inputs due to solar gains are computed 
independently. Measured heat inputs from electric heaters are also considered. The energy balance in each zone 
(resulting imbalance) is assessed in order to orient the calibration process. 
As an example, Table 3 shows the results of internal convective coupling calibration between the four 
interconnected zones. Two reduction factors are considered. The reduction factor of 50% is adopted as it reduces 
imbalances between interconnected zones for both houses. 
Table 2. Calibration of thermal bridge heat loss coefficients 
ΨͲǀĂůƵĞ ĞĨŽƌĞĐĂůŝďƌĂƚŝŽŶ ĨƚĞƌĐĂůŝďƌĂƚŝŽŶ
tͬŵͲ< dǇƉĞϭ dǇƉĞϮ dǇƉĞϭ dǇƉĞϮ
ǆƚ͘ǁĂůůͲĨůŽŽƌ Ϭ͘ϬϳϮ Ϭ͘Ϭϳϯ Ϭ͘ϭϬϳ Ϭ͘ϭϭϬ
ǆƚ͘ǁĂůůͲĐĞŝůŝŶŐ Ϭ͘Ϭϴϲ Ϭ͘Ϭϴϳ Ϭ͘Ϭϴϰ Ϭ͘Ϭϴϵ
/Ŷƚ͘ǁĂůůͲĨůŽŽƌ Ϭ͘ϭϬϯ Ϭ͘Ϭϲϯ Ϭ͘ϯϳϴ Ϭ͘Ϯϰϯ
/Ŷƚ͘ǁĂůůͲĐĞŝůŝŶŐ Ͳ Ͳ Ϭ͘ϮϬϰ Ϭ͘ϭϯϭ
Table 3. Calibration of coupling between interconnected zones 
ĂůĂŶĐĞ ,ŽƵƐĞEϮ ,ŽƵƐĞKϱ
D: ϭϬϬй ϱϬй ϭϬϬй ϱϬй
>ŝǀŝŶŐǌŽŶĞ ϲϴ ϭϱ Ͳϭϯϰ Ͳϯϯ
ŽƌƌŝĚŽƌ ͲϮϬϭ ͲϭϬϯ ϲϲ Ͳϲ
ĂƚŚƌŽŽŵ ϭϬ ϯϲ ϯϬ Ϯϰ
ŚŝůĚƌĞŶƌŽŽŵ ϭϴϮ ϭϭϭ ϵϴ ϳϲ
The indoor temperatures measured on three levels in experiment 2 revealed significant vertical gradients due to 
sharp variations of the heat input into the zones. Rooms are modeled in two superposed zones in order to reproduce 
that gradient. The plume issued from the heater convective heat transfer is a rising turbulent buoyant plume, with a 
stable stratification outside the plume [7]. The convective heat flow from electric heaters is input on the indoor 
temperature node of the upper zone, with an associated air flow: 
3/53/1310.6 zQV  −= V : air flow m3/s Q  : convective heat power W z: distance m 
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Fig. 4. Measured and calculated indoor temperature profiles and heat inputs, in the lower zone of the living room, for experiment 1 in houses N2 
(a) and O5 (b), and for experiment 2 in house O5 (c).
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Fig. 5. Energy balances related to experiment 1 in houses N2 and O5, and to experiment 2 in house O5.  
The fresh air flow supplied to the living room is introduced into the lower zone for the simulations. As its 
temperature is lower than the temperature of the upper zone it intrudes beneath the upper air layer [7].   
Calibrated results are presented in terms of heat (un)balance computed from measured indoor temperatures on fig. 
5 and in terms of indoor temperature profiles computed from the computed balance of heat gains and losses on fig. 4. 
5. Conclusions
A simplified simulation tool written with EES solver has been calibrated on the basis of Holzkirchen experiments. 
The analysis of the balance between energy heat losses and gains, on the basis of the measured indoor temperatures, 
makes appear an overestimation of solar heat gains.  
The calibration implies a better assessment of wall thermal bridges heat loss coefficients. Convective coupling 
effect between interconnected zones was handled with a two ways models with driving forces due to buoyancy 
effects. A two superposed zone model was build in order to handle the vertical temperature gradients generated by 
the sharp transient regimes introduced in experiment 2. 
Simulation programs should better match the convective heat transfer in order to give better agreement with 
measurements results. On the other hand, in situ testing to assess the buildings Heat Loss Coefficient should be 
designed to avoid air stratification either by mixing the internal air during the process, or by avoiding sharp 
variations of heat input. In case of well insulated buildings, the Heat Loss Coefficient could be deduced from the 
analysis of the floating indoor temperature profile during sunny days, when the building is unoccupied, instead of 
using electric heaters to maintain a constant indoor temperature set point. The method would probably be simpler 
and less intrusive than co-heating. 
Acknowledgements 
The financial support of the Walloon Region of Belgium to this project is gratefully acknowledged. 
References 
[1] Roels S. Reliable building energy performance characterization based on full scale dynamic measurements. International Energy Agency IEA 
ECBCS Annex 58, K.U.Leuven, Belgium, 2011. 
[2] Jensen S.O. Validation of building energy simulation programs: a methodology. Energy and Buildings 1995; 22  p. 133-144. 
[3] K.J. Lomas, H. Eppel, C.J. Martin, D.P. Bloomfield. Empirical validation of building energy simulation programs. Energy and Buildings 
1997; 26 p. 253-275.
[4] Manz H., Loutzenhiser P., Frank T., Strachan P.A., Bundi R., Maxwell G. Series of experiments for empirical validation of solar gain 
modelling in building energy simulation codes. Building and Environment 2006; 41 p. 1784 - 1797. 
[5] Strachan P., I. Heusler, Empirical whole Model Validation Modelling Specification: Test case Twin_House_1, IEA ECB Annex 58 Validation
of Building Energy Simulation Tools, Subtask 4, May 2014. 
[6] Masy G., Delarbre F., Lebrun J., Georges E., Randaxhe F., Lemort V., Rehab I., André P. Back from Holzkirchen full scale dynamic testing 
experiment. 9th International Conference on System Simulation in Buildings, Liège, Belgium; 2014. 
[7] Fitzgerald S., Woods A., Transient natural ventilation of a space with localised heating. Building and Environment 2010; 45  p. 2778-2789. 
Ϭ ϮϱϬ ϱϬϬ ϳϱϬ ϭϬϬϬ ϭϮϱϬ ϭϱϬϬ ϭϳϱϬ ϮϬϬϬ
>ŝǀŝŶŐ
<ŝƚĐŚĞŶ
ŽŽƌǁĂǇ
ĞĚƌŽŽŵ
ŽƌƌŝĚŽƌ
ĂƚŚ
ŚŝůĚƌĞŶ
ŶĞƌŐǇďĂůĂŶĐĞͲ ǆƉϭͲ ,ŽƵƐĞEϮ΀D:΁
Ϭ ϱϬ ϭϬϬ ϭϱϬ ϮϬϬ ϮϱϬ ϯϬϬ ϯϱϬ ϰϬϬ
<ŝƚĐŚĞŶ
ŽŽƌǁĂǇ
ĞĚƌŽŽŵ
ŽƌƌŝĚŽƌ
ĂƚŚ
,ĞĂƚŝŶŐ
^ŽůĂƌ
dƌĂŶƐŵŝƐƐŝŽŶ
sĞŶƚŝůĂƚŝŽŶ
ĂůĂŶĐĞ
'ĂŝŶƐ
>ŽƐƐĞƐ
Ϭ ϮϱϬ ϱϬϬ ϳϱϬ ϭϬϬϬ ϭϮϱϬ ϭϱϬϬ ϭϳϱϬ ϮϬϬϬ
>ŝǀŝŶŐ
<ŝƚĐŚĞŶ
ŽŽƌǁĂǇ
ĞĚƌŽŽŵ
ŽƌƌŝĚŽƌ
ĂƚŚ
ŚŝůĚƌĞŶ
ŶĞƌŐǇďĂůĂŶĐĞͲ ǆƉϭͲ ,ŽƵƐĞKϱ΀D:΁
Ϭ ϱϬ ϭϬϬ ϭϱϬ ϮϬϬ ϮϱϬ ϯϬϬ ϯϱϬ ϰϬϬ
<ŝƚĐŚĞŶ
ŽŽƌǁĂǇ
ĞĚƌŽŽŵ
ŽƌƌŝĚŽƌ
ĂƚŚ
,ĞĂƚŝŶŐ
^ŽůĂƌ
dƌĂŶƐŵŝƐƐŝŽŶ
sĞŶƚŝůĂƚŝŽŶ
ĂůĂŶĐĞ
Ϭ ϮϱϬ ϱϬϬ ϳϱϬ ϭϬϬϬ ϭϮϱϬ ϭϱϬϬ ϭϳϱϬ ϮϬϬϬ ϮϮϱϬ ϮϱϬϬ
>ŝǀŝŶŐ
<ŝƚĐŚĞŶ
ŽŽƌǁĂǇ
ĞĚƌŽŽŵ
ŽƌƌŝĚŽƌ
ĂƚŚ
ŚŝůĚƌĞŶ
ŶĞƌŐǇďĂůĂŶĐĞͲ ǆƉϮͲ ,ŽƵƐĞKϱ΀D:΁
Ϭ ϱϬ ϭϬϬ ϭϱϬ ϮϬϬ ϮϱϬ ϯϬϬ ϯϱϬ ϰϬϬ ϰϱϬ ϱϬϬ ϱϱϬ ϲϬϬ ϲϱϬ
<ŝƚĐŚĞŶ
ŽŽƌǁĂǇ
ĞĚƌŽŽŵ
ŽƌƌŝĚŽƌ
ŚŝůĚƌĞŶ
,ĞĂƚŝŶŐ
^ŽůĂƌ
dƌĂŶƐŵŝƐƐŝŽŶ
sĞŶƚŝůĂƚŝŽŶ
ĂůĂŶĐĞ
